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Introduction

Zinc oxide (ZnO) is a wide band gap II-VI semiconductor (Eg = 3.37 eV at 300 K) with a large exciton binding energy (60 meV) [1] and it is one of the most studied material in recent decades. The outstanding popularity of ZnO has many reasons; the most important one appears to be its multi-functionality, resulting in applications in physics, chemistry, electrical engineering, material science, energy, textile, rubber, additive manufacturing, cosmetics, and pharmaceutical or medicine [2][3][4], as well as its ease to grow all kinds of nano-and microstructures with a wide variety of morphologies. Many expensive [5,6] and simple [7,8] growth techniques are available. Doped and co-doped zinc oxide is a suitable way to modulate its physical properties in order to emerge new systems or highly modified and sophisticated devices which their development are demanding in several domain. ZnO is a suitable host material for various dopants in particular for rare earth ions. Numerous studies have in fact demonstrated the possibility of obtaining the luminescence of rare earths within ZnO under light excitation [9]. During the last twenty years, rare earths such as Yb, Tb, Eu, Ce,…, have been introduced into ZnO in order to obtain emissions and absorptions of light at their own wavelengths, in the spectral ranges from UV to infrared. These doping are aimed at various applications such as the energy conversion of photons in the field of photovoltaics [10] and, by combining the conductive nature of ZnO, to obtain light-emitting diodes [11,12].

Tb 3+ and Eu 3+ are promising rare-earth ions that exhibit emission of specific colors and are very useful for potential applications in light-emitting diodes (LEDs), plasma displays, and fluorescent lamps [1][2][3][4][5]. Their simultaneous presence also enables the production of whitelight-emitting diodes as the f-f emission lines of Tb 3+ cover the entire spectrum in the visible region with a main optical transition in green [9,13], while Eu 3+ emit in red [14,15] or orangered spectral ranges [16]. For third fundamental color (blue) can be obtained from the ZnO matrix or by the insertion of other rare-earth ions such as Tm 3+ [17], and Pr 3+ [18].

Currently, the main reason for the lack of progress in the use of ZnO-based devices is the difficulty of developing stable p-type materials. Therefore, many studies have focused on ptype heterojunctions of ZnO (n-type) based on sapphire, GaN, SiC, and Si, making it possible to obtain electroluminescence emissions in the spectral range of violet-blue, which generally exhibit better performance than ZnO homojunctions [19]. ZnO/p-Si and doped ZnO/p-Si heterojunctions have already been studied [20][21][22]. The microelectronics industry is still largely dominated by the use of silicon (Si) and doping ZnO with trivalent electron donor ions tends to reduce the resistivity of the film and enhance its n character. Thus we choose to use Boron-doped p-type (100) silicon substrates with a resistivity of 1-10 Ω cm and thickness of 525 μm to deposit rare-earth-doped ZnO.

The large difference in the ionic radius and different charge state of Eu 3+ and Tb 3+ compared to that of Zn 2+ present a difficulty to incorporate RE into ZnO with high amount. However, their incorporation is accompanied by structural modification caused by the appearance of mechanical stress and defects which will be affect the RE ions luminescence and the efficiency of the excitation energy transfer between the host and RE ions and/or between the two dopant ions [23]. Recently, we have study the structural, optical and electrical properties of Eu- [15] and Tb-doped [24] ZnO micropods prepared by chemical bath deposition on p-Si substrate. In this work, a similar investigation was conducted to explore the effect of heat treatment and the relative variation in dopant concentration prepared using the same procedure. Photoluminescence data obtained for two excitation wavelengths (405 nm and 325 nm), and their photometric characteristics, such as color emission and color-correlated temperature (CCT), will be discussed. The efficiency of energy transfer between the ZnO host and RE 3+ ion levels are also explored.

Experimental details 2.1. Samples preparation

The elaboration procedure for the co-doped samples was the same as that described in detail in our published study [15]. Two dopant source Europium III nitrate pentahydrate (Eu(NO 3 ) 3 -5H 2 O) (American Elements, 99.9%) and terbium III nitrate pentahydrate (Tb(NO 3 ) 3 .5H 2 O) (Alfa Aesar, 99.9%) was added to the zinc acetate (Zn(CH 3 CO 2 ).2H 2 O) (Chem-Impex, 99.18%) precursor. The weight percentages (wt %) of Eu and Tb/Zn (15 wt % Eu, 10 wt % Tb and 20 wt % Eu, 15 wt % Tb) were prepared. For this work and before the synthesis of ZnO micropods using the chemical bath deposition process, a thin film of ZnO was prepared as the seed layer using the sol-gel method and deposited on p-type Si silicon via spin coating at a speed of 1000 rpm under a nitrogen flow [7,25]. The deposited seed layer was immediately annealed at 300 °C for 2h to evaporate the solvent.

Un-and co-doped sample were annealed for 2 h, at T a =300, 500, and 700 °C, in an air atmosphere and their physical properties were compared to those of the as grown sample.

Samples Characterization

The morphology of the samples was characterized using Scanning Electron Microscope (SEM) combined with Energy Dispersive X-ray Spectroscopy (EDX). SEM and EDX measurements were performed using a A VEGA 3 TESCAN microscope operated at 15 kV. EDX chemical maps as well as spectra at four different positions are recorded to determinate element composition and distribution in our samples. XPS measurements were performed using a Thermo Scientific Escalab 250 Xi XPS spectrometer with a monochromatic Al K α radiation from an X-ray source. To assess all the elements present in the sample a survey scan was acquired for each sample. The high-resolution (HR) XPS spectra were collected for Zn 2p, O 1s, Eu 3d, Tb 3d and C 1s. Binding energies (BE) of the photoelectrons were calibrated using the carbon 1s photoelectron peak at 284.73 eV. The "Avantage" software was used to analyses XPS data. Crystal structures of the un -and RE 3+ co-doped ZnO sample were analyzed by X-ray diffraction (Rigaku type Ultima IV) with Cu-K  radiation (λ = 1.5406 Å) generated by an X-ray tube operating at 40 kV and 30 mA. The optical properties were investigated by photoluminescence (PL) experiments. A 325 nm (3.82 eV) He-Cd laser and a 405 nm (3.06 eV) diode laser sources were used. The current-voltage (I-V) characteristics of our elaborated samples were measured by adapting the voltammetric techniques in Palmsens4 instruments [15]. All the experimental characterization were performed at room temperature.

Results and discussions

Dopants incorporation

The Eu and Tb concentrations and their distributions in the prepared samples were explored using EDX (mapping and spectra). The dopant concentrations incorporated X Eu and X Tb into the ZnO host were calculated from the Eu, Tb, and Zn atomic percentages, measured at three positions and in a small selected area, using the ratio of Eu% and Tb% to (Eu%+Tb%+Zn%).

The average values for the two samples (M 1 : 15% Eu + 10% Tb ZnO and M 2 : 20% Eu + 15% Tb ZnO) as grown and annealed at 300, 500, and 700 C are given in Table 1. Although a large wt % of europium and terbium III nitrate pentahydrate were dissolved in the prepared solution, the dopant incorporation in our sample, as obtained by EDX, did not exceed 2.1%.

These results confirm the low solubility of rare-earth elements in the ZnO host owing to the significant difference between the ionic radii of the dopant( 93 pm) and Zn (74 pm) [15,24].

In contrast to sample M 1 , the dopant concentration in sample M 2 increased with annealing temperature, which could be due to the greater diffusion of rare-earth ions into the volume of the ZnO microstructure as a high rare-earth nitrate weight percentage was used in the preparation of the co-doped sample. The X Eu /X Tb ratio was greater than one (Table 1) for the as grown and annealed samples; therefore, the incorporation of Eu was more feasible than that of Tb in ZnO. As the annealing temperature increased, no monotonous variation was observed in the dopant concentration ratio. The values fluctuated around (1.20  0.13) and (1.50  0.09) for sample M 1 and M 2 respectively. The reasons could be the diffusion difference of both rare earth oxidation states ( Eu 2+, 3+ and Tb 3+, 4+ ) which are present in the sample investigated.

Elemental EDX and element overlap maps scanned on 5m  5m area of undoped ZnO micropods and co-doped samples M 1 and M 2 as grown and annealed, respectively, at 300 C, 500 C and 700 C are measured. The corresponding maps of the sample M 2 as grown and annealed at 700 C are shown in figure 1 (a) and (b) as an example. They confirm the presence Si, Zn, O, Eu and Tb elements but the distribution of RE elements are not uniform.

Sample morphology

The morphologies of the samples observed using SEM are shown in Figure 2. Micropod cross-linked structures with many arms shapes can be seen for all samples. The SEM image of the ZnO seed layer on the p-Si substrate is also shown. The layer was a thin film with a continuous and smooth coverage of small spherical grains with an average diameter of 100 nm. The morphology of the micropods elaborated on the seed layer is similar to that observed with a single dopant [15,24] deposit directly on the Si substrate. The presence of the grain interfaces did not affect the distribution, size, or orientation of these micropods. Therefore, the ZnO seed layer on the Si substrate is just a support for these microstructures. The dimensions of these micropods differ since the growth is uncontrolled in the chemical bath solution.

Chemical analysis

Oxidation state of the incorporated RE ions in our sample was explored using XPS technique for the two co-doped samples (M 1 and M 2 ) as grown and annealed at 700 C. The XPS survey spectra and those of the Zn 2p, O 1s, Eu 3d, and Tb 3d core levels are shown in Figure 3. All peaks within the survey spectra were assigned to the core levels of Zn, Si, O, C, Eu, and Tb, according to the XPS handbook [START_REF] Moulder | Handbook of X-Ray Photoelectron Spectroscopy: a Reference Book of Standard Spectra for Identification and Interpretation of XPS Data[END_REF].

The doublet spectral lines of Zn 2p were observed (Figure 3 (b)) with a spin-orbit splitting of  23.0 ± 0.1 eV, which coincides with the results for Zn 2p in ZnO and close to those reported by Korsunska et al. [22]. With the addition of rare-earth ions to the ZnO lattice, a small peak shift is observed in the binding energies owing to the presence of structural defects [15]. A larger shift to higher binding energies is observed for M 1 annealed at 700 C (Table 2).

However, for the co-doped samples annealed at 700 C, the Zn 2p core level was broad and could be deconvoluted into its components (Figure 4). The high-energy peak located at approximately 1022.7 eV and 1045.6 eV was ascribed by Wang et al. [START_REF] Wang | [END_REF] to the Zn 2+ in Zinc hydroxide (Zn(OH) 2 ). The low-energy peaks at approximately 1020.6 eV and 1043.6 eV are consistent with the findings for Zn 2+ bound to oxygen in the wurtzite ZnO host. In addition, we noticed that the relative intensities favored Zn-OH type bonds. This predicted a possible modification of the ZnO matrix towards another matrix. A probable matrix generated by annealing at 700 C is willemite with the chemical formula Zn 2 SiO 4 [23] and/or possible inclusions of Tb x Eu y SiO 7 crystalline [28]. Indeed, within the willemite matrix, the XPS peak of the Zn 2+ ion is located at approximately 1022.8 eV [29]. However, the structural analyses by X-ray diffraction (next section) show a hexagonal wurtzite structure for our elaborated samples, without the presence of any secondary phase. The higher binding energy Zn 2p peaks with a reduction in intensity observed for the co-doped sample annealed at 700 C compared to that of pure ZnO can be attributed to electron transfer between the dopants (Eu 3+ and Tb 3+ ) and ZnO or the presence of excess Zn in pure ZnO compared to the doped sample [30,31]. Oxygen is another fundamental element in the ZnO matrix. The individual components of the O 1s XPS peak were extracted after deconvolution using multiple Gaussian peaks (Figure 5). The Gaussian fitting of the O1s XPS spectrum and the attribution of each components is similar as that done for Eu and Tb doped ZnO [15,24]. Oxygen XPS peaks are listed in Table 3. A small shift of binding energies for co-doped as compared to pure ZnO and as the annealing temperature was probably due to generation of Eu-O bond, Tb-O bonds or transfer of electron between dopants and Zn [31] and due to defects in ZnO micropods. The area-ratio variation of the O 2 peak indicated a difference in the number of oxygen vacancies. Therefore, changes in the amount of point defects, such as zinc vacancies (V Zn ), oxygen interstitials (O i ), interstitial zinc (Zn i ), zinc in oxygen antisites (Zn O ), oxygen in zinc antisites (O Zn ), and even complexes of defects, are present in the material. The area ratio of the first peak O 1 , corresponding to the oxygen located in a Zn-O type bond, decreased for the annealed co-doped sample compared to those of the non-annealed sample. This confirms a decrease in the signature of the ZnO matrix, accompanied by a decrease in the oxygendeficient groups (O 2 ) and an increase in the O-H groups (O 3 ). These findings suggest the presence of another oxyapatite phase that is mixed with Tb and Eu [28].

Figures 6 and7 present the XPS spectra corresponding to the 3d orbitals of europium and terbium for samples M 1 and M 2 , respectively. We observe in the XPS spectra of the Eu 3d level four distinguish peaks for co-doped sample (Figure 6) at around 1126. 3 eV, 1134.7 eV, 1155.3 eV and 1164. 3 eV. Thus, as reported in our previous work [15], Eu was found in two oxidation states (+3 and +2) in ZnO micropods. The XPS spectra of Tb 3d show two dissymmetric peaks centered in range of 1231.2-1248.4 eV and 1265.1-1281.3 eV binding energy values for Tb3d 5/2 and Tb3d 3/2 , respectively. Each one is deconvoluted to two peaks

The peaks centered at binding energies of 1240.6 eV and 1273. 6 eV was assigned to Tb 3+ oxidation state, while peaks centered at 1243.3 eV and 1276.6 eV corresponds to Tb 4+ oxidation state [24,31,32]. A mixed valence states of Eu and Tb ions in the lattice of ZnO micropods were confirmed by XPS. The concentration of each valence-state rare-earth ion was calculated as described in reference [15], and is listed in Table 4. The relative Eu +3 /Eu +2 and Tb 3+ /Tb +4 compositional ratios are given in Table 5. The variation in the relative Eu ratio was greater than that of Eu-doped ZnO ( [15]: Eu +3 /Eu +2 =2.2 and 1.7, respectively, for as grown and annealed at 700 C). Because the ionic radius of Eu 3+ is larger than that of Zn 2+ and because of the charge imbalance, Eu 2+ is less likely than Eu 3+ (except for sample M 1 annealed at 700 C) to be incorporated into the ZnO matrix and substitute the Zn lattice ion.

In contrast, the relative compositional Tb ratio was large, confirming that the trivalent form was the most oxidized state of Tb inserted into the ZnO matrix. However, the variation in the relative Tb ratio was smaller than that of Tb-doped ZnO ( [24]: Tb +3 /Tb +4 =5.8 and 5.4, respectively, for as grown and annealed at 700 C). Therefore, in the presence of RE ions and to attenuate charge imbalance, defects are created inside ZnO micropods during their formation [START_REF] Kumar | AIP Conference Proceedings[END_REF]. In addition to the difference in radius between Zn 2+ and RE ions, the surrounding environment of rare-earth ions was affected inside the ZnO micropods.

Consequently, the RE luminescence efficiency is sensitive to the structural deformation of the co-doped sample owing to the exchange of electrons between the RE ions and matrix.

Structure analysis

The diffraction patterns of the undoped and co-doped samples as grown and annealed at 700 °C are shown in Figure 8. It can be seen that diffraction patterns of both sample show only diffraction peaks corresponding to hexagonal wurtzite structure superposed to the (002) substrate peak. No diffraction peaks related to Tb 2 O 3 , Eu 2 O 3 or impurity were observed, indicating that the RE ions incorporate into ZnO crystal lattice by substituting Zn 2+ ions or by entering the tetrahedral oxygen. As described in the previous papers [15,24], detailed microstructural analysis was performed to highlight the effects of co-doping on the ZnO structure. Lattice parameters "a", "c", the nearest-neighbor bond lengths  are calculated for our sample and listed in Table 6 using the following equations [15,[START_REF] Morkoç | Zinc Oxide: Fundamentals, Materials and Device Technology[END_REF]:
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Where  hk d is the interplanar spacing and u is the internal parameter related to the c/a ratio as follows:
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Williamson and Hall (WH) method was used to distinguish the part contribution of crystallite size (t WH ) and strain () in the full width at half maximum (FWHM) of X ray diffraction peak as described in reference [START_REF] Fouzri | [END_REF]. WH crystallite sizes, strain and dislocation density as function of Eu and Tb concentration obtained from EDX measurements are also regrouped in Table 6.

The dislocation density δ is estimated using the formula [START_REF] Fouzri | [END_REF]:

(4) t 1 2 WH  
The lattice parameters and bond length increased slightly as a function of dopant concentration (Figure 9) but they decrease for as grown co-doped sample at higher Tb concentration. These structural deformation keep the wurtzite structure stable as the c/a ratio and parameter u remained practically unchanged.

Unlike doping with a single RE [15,24], the evolution of structural lattice parameters seem to be monotonous. An increase in the cell volume of 2.6% and 1.3% compared to undoped ZnO was observed for the as-grown and annealed co-doped samples, respectively. However, no practical change in cell volume was observed when only Eu was incorporated into ZnO [15].

In contrast, for the Tb dopant, the cell volume variation decreased from 1.3% to 0.7% as the annealing temperature was increased [24]. Thus, the variation in the cell volume of the codoped sample is rather caused by the presence of Tb ions. It is likely that the environment surrounding of Tb ions in the ZnO host is more affected than that induced by Eu ions, which will influence the occurrence of transitions and their spectral intensities.

The variations of the strain, dislocation density, and crystallite size as a function of the Eu and Tb EDX concentrations are shown in Figure 10. Strain and crystallite size for co-doped samples annealed at 700 C decrease as function of Eu and Tb dopant concentration increase.

However, an inverse trend was observed for the as grown sample with increasing Tb concentrations. The structural lattice parameters increase with decreasing crystallite size (increasing dislocation density). But, the strain decreased with a decrease in the crystallite size. These results are in agreement with those reported by Kumar et al. [START_REF] Kumar | AIP Conference Proceedings[END_REF] using the Rietveld refinement and Williamson-Hall plots. The incorporation of rare-earth ions into the interstitial sites and by substitution of Zn, which cannot be controlled, as well as the effect of thermal annealing cause disorder in the microstructural parameters of the samples. However, for the co-doped samples, the evolution of the lattice parameters appeared monotonous, contrary to that obtained for single dopant, leading to an extension of the lattice volume. To explore the evolution of the microstructural parameters as a function of the relative concentration of Eu and Tb, the different structural parameters are plotted as function of the ratio X Eu /X Tb (Figure 11 and 12) for as grown and annealed samples. Corresponding parameters for undoped micropods are also shown for comparison. The lattice parameters and bond length increase as a function of the ratio X Eu /X Tb (Figure 11) for as grown and annealed samples. However, for practically the same ratio of X Eu /X Tb 1.5, a very slight increase (+0.004 Å) in the lattice parameters was obtained when the temperature was increased from 0 to 700 C (Table 6). Therefore, the structural distortion is caused by the incorporation of dopants rather than by heat treatment. As function of the X Eu /X Tb ratio, a decrease in strain and an increase in dislocation density were obtained (Figure 12). However for a fixed ratio ( 1.5); the strain increase and dislocation density decreased as the annealing temperature increase (Table 6). These inverse evolution may be explain the no significant variation in the lattice parameters.

Photoluminescence study

This section deals with the luminescence properties of ZnO micropods co-doped with Tb and Eu. We will explore the effect of heat treatments on the optical properties of the elaborated samples. This study also allows the exploration of the presence and understanding of the transfer energy between the RE 3+ ion and the ZnO host to produce solid-state white lighting, as the f-f emission lines of Tb 3+ cover the entire spectrum in the visible region. The PL properties of Eu,Tb co-doped ZnO were studied for two different laser excitations. Figure 13 shows the PL emission ( exc = 325 nm) obtained from our co-doped ZnO micropods as grown and annealed at 300, 500 and 700 C.

The PL spectra exhibited two emission bands: a near-band-edge (NBE) (Table 7) and a broader deep-level emission (DLE) [36] spanning 420-800 nm. For sample as grown and annealed at 700 C, the intensity of the UV emission at approximately 3.3 eV decrease as the dopant increase. However, for the samples annealed at 300 and 500 C, the intensity of the NBE remained practically unchanged, accompanied by a small shift in the bandgap to 3.2 eV. The DLE intensity increased for the co-doped sample annealed at T a  500 C; however, for the sample annealed at 700 C, the PL intensity decreased in the presence of RE dopants. This was due to the enhancement of defects, as observed by SEM. Compared to the undoped sample, the visible emission band changed with the incorporation of RE ions. It became larger and its center of gravity shifted with increasing dopant concentration. As demonstrated by XPS and reported by different authors, Eu 3+ can substitute Zn 2+ ions [37] and can be found interstitially in the ZnO matrix [38,39]. Similarly, for Tb 3+ , the same positions (Zn substitution, interstitial sites, and grain boundaries) have been reported [40,41]. Moreover, the significant difference in ionic radius between Zn 2+ (0.74 Å) and RE ion (Eu 3+ (0.95 Å) and Tb 3+ (0.92 Å)) complicates a substitution of Eu Zn [42]. The inclusion of RE 3+ in ZnO is possible, but it is subject to instability, which explains the diffusion of these rare-earth elements inside the ZnO structure during the heat treatment. So, the native defects in ZnO, is significantly perturbed as the RE ions can interact with the other intrinsic defects which explain the visible band deformation. No distinct direct excitation of the RE 3+ ions was observed in the PL spectra of the samples. For the non-annealed sample doped with X Eu =1.18% and X Tb =0.78%, possible resonant emissions were observed at approximately 581 and 598 nm, respectively. The first was closer to the Eu 3+ 5 D 0  7 F 0 (579 nm) transition or Tb 3+ 5 D 4  7 F 4 (584 nm). The second peak, which was also observed for the sample co-doped at 700 C can be attributed to the Eu 3+ 5 D 0  7 F 1 (591 nm) transition. Thus, the energy transfer between the ZnO matrix and rare-earth ions was masked by the emission of ZnO defects.

Excited at 325 nm, the Pl measurement cannot confirm the establishment of energy transfer from the host to rare-earth ions and cannot inform us about its efficiency, contrary to several reported studies [9,4328]. A 405 nm excitation source was also used to characterize our PL samples, particularly the emission of RE 3+ ions. The results of the PL measurements of the Eu, Tb co-doped ZnO micropods as grown and annealed at 700 C are presented in figure 14.

We can see the emission of Eu 3+ and Tb 3+ for as grown samples. However, the main terbium optical transition, 5 D 4 → 7 F 4 (545 nm, green emission), was very weak. The emission intensity of RE ions was greater when the concentration ratio X Eu /X Tb was close to 1. The two intense optical emissions were attributed to Eu 5 D 0 → 7 F 2 (615 nm) and Tb 5 D 4 → 7 F 3 (620 nm), resulting in red-orange emission. These results constitute a disadvantage in obtaining the required white light from our samples, as the green primary color of the light is not obtained.

It seems that Eu 3+ present in the non-annealed ZnO is optically active, contrary to Tb 3+ , as reported in [24]. As discussed previously, the surrounding environment of the Eu ion is less affected than that of the Tb ion in the ZnO host, and the symmetry loss of the site where the terbium is located causes luminescence extinction by moving away from the rules of spectroscopic selection applied to the intra 4f transitions of rare earths. Pl measurements with the two different excitation wavelengths (325 and 405 nm) prove that there is a possible process of energy transfer from the host to rare earth ions overlapping with ZnO-defectrelated emissions. However, the strong green emission ( 5 D 4 → 7 F 4 (545 nm)), which is characteristic of Tb ions, disappeared.

Photometric characterization

To explore the color light-emitting properties of our co-doped ZnO micropods with Eu and Tb, the chromaticity coordinates (x,y) were calculated using the CIE color software and the intensity data of the PL emission spectrum excited at 325 nm within 380 nm-750 nm. Their values are listed in Table 8, and their positions in the CIE 1931 chromaticity diagram are shown in Figure 15. Based on the approximate color regions on CIE 1931 x, y chromaticity diagram [44 43] and the white-light region (considered in the literature [45,4644,45] for designing white LEDs), it can be seen that the CIE x-y chromaticity of our co-doped samples with different dopant concentrations and annealed at T a  300 C are in the yellow and yellowish-orange region. However, the undoped sample annealed at 300 C lies in the white region (Figure 16 (a,b)). For the sample annealed at 500 C, the emission of the co-doped samples is in the white region (Figure 16 (c)). But for 700 C annealed sample, the CIE chromaticity of undoped is at the border between yellow-green and greenish-yellow region and for higher dopants concentrations, the color coordinates (x,y) lies in the yellowish-green region. For X Eu =1.19% and X Tb = 0.92% , the CIE chromaticity point is in the white-light region (Figure 16 (d)). The x and y CIE coordinates for our sample are respectively lower and higher than that reported by Huang et al. [START_REF] Morkoç | Zinc Oxide: Fundamentals, Materials and Device Technology[END_REF] (x0.60 and y0.38) calculated according to the electroluminescence (EL) spectra of Tb 3+ (1…5 mol%) doped ZnO: 2 mol% Eu 3+ deposited on n-Si wafers by co-sputtering via radio frequency magnetron sputtering method. They demonstrated an improvement in the red-light EL performance of ZnO:Eu 3+ LEDs by doping with Tb 3+ ions as a consequence of the energy transfer from Tb 3+ to Eu 3+ . The corresponding CIE x-y chromaticity is reported in [47 46], and the photograph of the ZnO: 2 mol% Eu 3+ , 4 mol% Tb 3+ LED appears white owing of its high luminance.

For some sample, the emission color change from yellowish-orange to yellowish-green . It is worth noting that the color coordinates of the co-doped sample annealed at 500 C and X Eu =1.19%, X Tb =0.92% annealed at 700 C are within the white-light zone, indicating the suitability of the present materials for color display devices. For these samples, a significant extension of deep-level emission was observed in the PL measurements. Visible band widening and deformation are caused by the superposition of the ZnO matrix native defects that exist as charged or neutral states and may form clusters with other intrinsic defects as well as with RE ions, thus generating new and/or perturbing energy levels in the ZnO band gap. These co-doped samples are weakly efficient white light sources because their chromaticity color coordinates are far from ideal white light. To approach colorimetry to pure white light, the insertion of other rare-earth ions emitted in blue light, such as Cerium (Ce), Thulium (Tm) and Praseodunium (Pr) must be considered. However, doping ZnO with three RE elements and exceeding the solubility limit is likely to lead to the formation of an RE oxide phase that is not electrically conductive. In addition, the relatively high overall rate of doping with rare earth elements could compromise the structural stability of the ZnO matrix and, consequently, the optical activation of the RE ions. Another option is to produce white light by superposing the blue emission from commercially available blue lasers to the visible spectrum of Eu, Tb co-doped ZnO. The calculated CIE color coordinates for the undoped and co-doped samples as a function of annealing temperature and the X Eu /X Tb concentration ratio are shown in Figure 17. For the undoped sample, as the temperature increased, the xcoordinate decreased from 0.474 to 0.414, the y-coordinate decreased from 0.476 to 0.424, and then increased again to 0.469, which reflects the effect of temperature on the color emission of ZnO micropods owing to the variation in the NBE emission intensity and the amount of different defect types within the ZnO. However, no significant variation was observed as a function of concentration ratio when the annealing temperature was fixed (Figure 17 (b)). Therefore, the emission color of the co-doped sample was influenced by the relative concentration change of the dopants rather than by the annealing treatment. This suggests possible energy transfer between the two dopants. Based on the energy diagram of the trivalent ions of Tb 3+ and Eu 3+ in LaCl 3 matrix [48, 49 47,48] and although the positions of their levels may fluctuate slightly from one matrix to another, Pl measurements with two laser excitation wavelengths (532 nm and 488 nm) must be conducted to study the energy transfer between Tb and Eu ions.

The CCT values of the samples were calculated according the formula reported in [15,24], and are listed in Table 8. They are less than 5000 K (i.e., warm CCTs), which are suitable for public and living areas. Only the CCT value of the sample annealed at 700 C and doped with 1.19% Eu, 0.92% Tb was slightly higher than 5000 K (i.e., cool CCTs) (Figure 18), whose chromaticity coordinates were located in the white region. The CTT value of the undoped sample remained unchanged for T a <700 C. For the as grown and annealed at 500 C codoped samples, the CCT values are practically independent of the concentration ratio X Eu /X Tb , but a weak linear decrease was observed for the sample annealed at 300 C. As shown in Figure 18, the color temperature varied slightly with the relative Eu and Tb concentrations for the annealing treatment at T a 500 C, and the values were between 2900 and 3060.

Current-voltage measurements

Assuming that the current is due to thermionic emission (TE), the current in our heterojunction is expressed as [15,24]:

  (5) , 1 ) nKT IR V q exp( I I s s         
where I s is the saturation current, q is the electronic charge, V is the applied voltage, n is the ideality factor, K is the Boltzmann constant, T is the absolute temperature, and R s is the series of resistances. Electrical parameters, listed in Table 9, of undoped and Eu, Tb co-doped ZnO micropods on a p-Si substrate as grown and annealed at 700 C are extracted by two method as described in our previous works [15,24] from I-V measurements (Figure 19), performed at room temperature and in dark. The inset of Figure 19 shows a semi-logarithmic plot of the corresponding I-V curves. All heterojunctions exhibited a typical rectifier current of a p-n diode, and a higher rectification ratio (17) was obtained for the X Eu =1.18%, X Tb =0.78% codoped sample as grown. No significant variation was observed in the barrier height as a function of dopant concentration and annealing temperature. These values are also very similar to those obtained with each one RE dopant [15,24]. In the literature, a barrier value between 0.56 and 0.76 eV is generally found for ZnO/Si(p; n) junctions [50- 53 49-52]. The ideality factor, determined using the standard method, was between 1 and 2. However, some values obtained using the Cheung-Cheung method exceeded 2. Heterojunctions are not ideal because n is greater than 1 and their behavior is not mainly described by the emission thermionic current. The fine structure of the ZnO seed layer/Si interface, with the probable presence of a silica layer and defects, makes the behavior of the junction complex compared to the classical model of the p-n junction. This fine structure of the interface may be the cause of the different conduction mechanisms at the junctions. Tunneling conduction mechanisms most likely allow charge carriers to cross the potential barrier at the junction interface [54-56 53-55]. However, the presence of this seed layer significantly decreased the series resistance compared with that obtained for a single rare-earth-doped sample [15,24].

Conclusions

ZnO micropods with different Eu and Tb co-doping rates were elaborated by chemical bath deposition on p-type [100] oriented Si substrates with thin ZnO buffer layer. The hexagonal wurtzite structure without any secondary phase was confirmed by XRD measurements for all samples. No notable modification in the morphology of the co-doped sample was observed compared with those doped with only Eu or Tb. The low solubility of rare earth elements in the ZnO host, as the EDX concentrations of Eu and Tb in the samples did not exceed 2.1% and 1.3 %, respectively, can be explained by the difficult insertion of Tb and Eu in the ZnO matrix, due to their larger diameters than Zn 2+ . XPS analysis confirmed the mixed valence states of Eu and Tb ions present in the lattice of the ZnO micropods. The increase in the microstructural parameters of the co-doped sample compared to that of the undoped sample seems to be caused mainly by the X Eu /X Tb concentration ratio rather than by heat treatment.

Regarding the photoluminescence properties, upon excitation at 325 nm, a weak emission of RE in ZnO was recorded for the samples as grown and annealed at 700 C. However, the visible band emission increased as the dopant concentration changed and the annealing temperature increased. Its intensity and gravity center modification are due to the perturbation of native ZnO defects and their interactions with the RE ions. No intense direct excitation of the RE 3+ ions in the Pl spectra exceeding the ZnO defect emission was observed. Thus, no energy transfer between the ZnO matrix and the rare earth ions or between the RE ions can be confirmed. Excited at 405 nm, the photoluminescence spectrum was dominated by the emission of Eu 5 D 0 → 7 F 2 (615 nm) and Tb 5 D 4 → 7 F 3 (620 nm) in the red-orange region of visible light. The expected "green" luminescence (545 nm) of Tb 3+ : ( 5 D 4 → 7 F 4 transition) was unfortunately not obtained from our samples. This may be due to the presence of Tb 4+ , which is at the origin of possible non-radiative phenomena at room temperature [57 56], and/or a deviation from the spectroscopic selection rules for the intra 4f transitions of rare earths. So Eu 3+ lines has shown that they are much less sensitive to the surrounding environment disorder than the Tb 3+ lines. The lack of green contribution affects the achievement of the required white light. The competition between the effect of annealing temperature and that of the two dopant concentrations may be an effective strategy for changing the luminescence of RE-doped materials, which proves their relevance to color display devices. The photometric characterization of the co-doped sample annealed at 500 C and X Eu =1.19%, X Tb =0.92% annealed at 700 C appears white, as their x and y chromaticity coordinates lie in the white-light region reported in the literature for designing WLED.

Adding blue emission, for example, from a commercially available blue laser, to these samples would yield ideal white light. The I-V curve of the Eu, Tb co-doped ZnO/p-Si heterojunction exhibited diode-like behavior. The electrical parameters are similar to those obtained for each dopant. However, the presence of a ZnO seed layer between the substrate and micropods significantly decreased the series resistance. 
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Figure 1 :

 1 Figure 1: Element's EDX mapping and element overlap maps of M 2 co-doped ZnO sample as grown (X Eu =1.18%, X Tb =0.78%) (a) and annealed at 700 C (X Eu =2.07%, X Tb =1.30%) (b).

Figure 2 :

 2 Figure 2: SEM images of ZnO seed layer (a), undoped ZnO micropods (b) and Eu-Tb co-doped ZnO micropods: M1 (c) and M2 (d) on p-Si substrate as grown and annealed at 300, 500, and 700 C.

Figure 4 :

 4 Figure 4: Deconvoluted Zn 2p XPS core-level spectra of samples M 1 (a), and M 2 (b) annealed at 700 C.

Figure 5 :

 5 Figure 5: Deconvoluted O1s XPS core-level spectra of (a) undoped, (b) M 1 , and (c) M 2 samples as grown and annealed at 700 C. Individual components were identified by fitting with multiple Gaussian peaks. The Dashed wine line represents the cumulative fit for all individual peaks.

Figure 8 :

 8 Figure 8: X-ray diffraction spectra of un-and co-doped ZnO micropods on p-Si substrate as grown (a) and annealed 700 C (b).

Figure 10 :

 10 Figure 10: Variation of strain, dislocation density and crystallite size, estimated by WH method, as function of Eu and Tb concentration determined by EDX for as grown (a) and annealed at 700 C (b) samples.

Figure 11 :

 11 Figure 11: Variation of lattice parameters and bond length with Eu/Tb concentration ratio determined by EDX for as grown (a) and annealed at 700 C (b) samples.

2 )Figure 12 :

 212 Figure 12: Variation of strain and dislocation with Eu/Tb concentration ratio determined by EDX for as grown (a) and annealed at 700 C (b) samples.

Figure 13 :

 13 Figure 13: Photoluminescence spectra (excited at 325 nm) of Eu, Tb co-doped ZnO micropods on p-Si substrate as grown (a),annealed respectively at 300 (b) 500 (c) and 700 C (d).

2 Figure 14 :CIE1931Figure 15 :

 21415 Figure 14: Photoluminescence spectra (excited at 405 nm) of co-doped ZnO micropods on p-Si substrate as grown (a) and annealed at 700 C (b).

Figure 16 :Figure 17 :Figure 18 :

 161718 Figure 16: CIE 1931 x, y chromaticity coordinates on the approximate color and white light region diagram for un-doped and co-doped ZnO samples as grown (a) and annealed at 300 C (b), 500 C (c), 700 C (d).

Figure 19 :

 19 Figure 19: I-V curves of Eu, Tb co-doped ZnO micropods on p-Si substrate (a) as grown and (b) annealed for 2 hours at 700 C. Inset shows the semilog plot of the I-V curves.

  

  

  

  

  

  Survey XPS binding energy spectra as grown and annealed at 700 C (a) and XPS binding energy spectra for Zn 2p, O1s, Eu 3d, and Tb 3d core levels (b) of the undoped ZnO, M 1 , and M 2 samples.
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  Deconvoluted Tb 3d XPS core-level spectra of the (a) M 1 and (b) M 2 samples as grown and annealed at 700 C. Individual components were identified by fitting with multiple Gaussian peaks. The Dashed-dotted purple line represents the cumulative fit for all individual peaks.
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Figure 6: Deconvoluted Eu 3d XPS core-level spectra of the (a) M 1 and (b) M 2 samples as grown and annealed at 700 C. Individual components were identified by fitting with multiple Gaussian peaks. The Dashed dotted wine line represents the cumulative fit for all individual peaks.

  Variation of lattice parameters (a) and bond length (b) with Eu and Tb concentration determined by EDX for as grown and annealed at 700 C samples.
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Table 1 :

 1 Average concentrations of Eu and Tb incorporated into ZnO as grown and annealed at 300, 500 and 700 C, determined by EDX.

	I
	Log
	V

T (C) X Eu (%) X Tb (%) Zn 2 +(2p 3/2 ) position (eV) Zn 2 +(2p 1/2 ) position (eV)

Table 2 :

 2 XPS peak positions of photoelectrons from the 2p orbital of Zn as grown and annealed at 700 C.

	T a (C)	X Eu (%)	X Tb (%)	O1s components	Peak position (eV)	Area ratio (%)
				O 1	529.05	1.27
		0	0	O 2	530.57	58.04
				O 3	532.14	40.69
				O 1	529.86	15.44
	0	0.97	0.91	O 2	530.41	40.71
				O 3	531.66	43.85
				O 1	530.45	20.31
		1.18	0.78	O 2	530.65	54.78
				O 3	532.12	24.91
				O 1	527.67	2.34
		0	0	O 2	530.06	31.12
				O 3	532.39	66.54
				O 1	527.15	7.16
	700	1.19	0.92	O 2	529.75	11.48
				O 3	531.67	81.36
				O 1	527.89	14.38
		2.07	1.30	O 2	528.97	16.24
				O 3	531.03	69.38

Table 3 :

 3 Position and area ratio of the three peaks ,, O 2 , and O 3 (O-Zn groups, O-deficient groups, and O-H groups) as grown and annealed at 700 C for the un-doped and co-doped ZnO micropods.

	Sample T a (C)	XPS Area Zn 2p Eu 2+ Eu 3+ Tb 3+ Tb 4+	C	Eu	2		(at %)	C	Eu	3		(at %)	Tb C	3		(at %)	Tb C	4		(at %)
	M 1	0 700	466273 20300 49310 35580 9742 263714 41274 33343 50758 11830			1.05 3.48			2.54 2.81		2.71 6.33		0.74 1.48
	M 2	0 700	633218 12304 58536 29297 6927 287523 34672 69217 50920 9529			0.48 2.66			2.28 5.30		1.69 5.78		0.40 1.08

Table 4 :

 4 Experimental concentrations valence states of rare earth obtained from XPS measurements of co-doped ZnO micropods as grown and annealed at 700 C. The sensitivity factors (RSF) used were Zn: 18.92, Eu: 73.15 and Tb: 49.42.

	Sample T a (C)	Eu C	3		/	Eu C	2		Tb C	3		/	Tb C	4	
	M 1	0 700			2.4 0.8					3.7 4.3	
	M 2	0 700			4.8 2.0					4.2 5.4	

Table 5 :

 5 Eu +3 /Eu +2 and Tb 3+ /Tb +4 relative compositional ratios for sample M 1 and M 2 .

Table 6 :

 6 Cell parameters ('a' and 'c'), c/a ratio , unit cell volume, u parameter , bond length  , WH crystallite sizes, strain and dislocation density as function of Eu and Tb EDX concentration for as grown and annealed sample.

		0	0	3.32
	0	0.97	0.91	3.31
		1.18	0.78	3.32
		0	0	3.22
	300	1.04	0.78	3.20
		1.46	0.92	3.21
		0	0	3.22
	500	0.94	0.93	3.20
		1.48	1.05	3.21
		0	0	3.31
	700	1.19	0.92	3.30
		2.07	1.30	3.27

T a (C) X Eu (%) X Tb (%) E g (eV)

Table 7 :

 7 Band gap values of Eu, Tb co-doped ZnO micropods for different annealing temperature.

	T a (C) X Eu (%) X Tb (%) a (Å) c (Å) c/a V (Å 3 )	u	 (Å) t WH (nm) Strain (10 -3 )  (10 14 lines/m 2 )
		0	0	3.230 5.176 1.602 46.769 0.3799 1.9662	100	1.93	1.00
	0	0.97	0.91	3.250 5.208 1.602 47.640 0.3798 1.9779	71	1.09	1.98
		1.18	0.78	3.258 5.221 1.602 47.990 0.3798 1.9828	55	0.35	3.31
		0	0	3.248 5.201 1.601 47.510 0.3800 1.9762	171	3.55	0.34
	700	1.19	0.92	3.255 5.213 1.601 47.840 0.3800 1.9809	164	2.83	0.37
		2.07	1.30	3.262 5.225 1.602 48.150 0.3799 1.9851	85	1.57	1.38

Table 8 :

 8 Calculated CIE color coordinates and correlated color temperature (CCT) for co-doped ZnO micropods as function of dopants concentration and annealing temperature.

Table 9 :

 9 Rectification ratio (I F /I R ), turn-on voltage (V F ), reverse saturation current (I s ), ideality factor (n), barrier height ( b ) and series resistance (R s ) obtained for our samples by two methods.

						Standard I-V method		Cheung -Cheung's method
	T a (C) X Eu (%) X Tb (%) I F /I R at 4 V	V F (V) I s (10 -8 A)	n	 b (eV) R s (k)	n	 b (eV)	R s (k)
		0	0	9.83	1.89	2.94	1.06	0.78	1.32	2.23	0.73	3.5/3.5
	0	0.97	0.91	6.32	1.31	2.38	1.63	0.80	2.11	1.47	0.78	5.9/5.6
		1.18	0.78	17.43	3.82	2.36	1.26	0.78	2.01	2.32	0.79	10.4/10.4
		0	0	3.98	3.04	1.83	1.14	0.80	3.37	2.66	0.75	14.1 /13.3
	700	1.19	0.92	1.92	4.11	1.35	1.04	0.79	2.03	1.39	0.76	23.7/23.3
		2.07	1.30	2.10	3.89	2.15	1.19	0.79	1.70	1.63	0.76	29.5/28.5

Acknowledgments

The authors take this opportunity to thank the Department of Physics, College of Science at Al Zulfi, Majmaah University, specifically Dr. Ibrahim Shaarany, for helpful technical assistance with equipment facilities.

Data Availability Statements

The authors declare that all other data supporting the findings of this study are available within the article. Raw data that support the findings of this study are available from the corresponding author, upon reasonable request.

Conflict of interest

The authors declare that they have no conflict of interest.